System Vicarious Calibration (SVC) ensures a relative radiometric calibration to satellite ocean color 31 sensors that minimizes uncertainties in the water-leaving radiance L w derived from the top of atmosphere 32 radiance L T . This is achieved through the application of gain-factors, g-factors, to pre-launch absolute 33 radiometric calibration coefficients of the satellite sensor corrected for temporal changes in radiometric 34 sensitivity. The g-factors are determined by the ratio of simulated to measured spectral L T values where 35 the former are computed using: i. highly accurate in situ L w reference measurements; and ii. the same 36 atmospheric models and algorithms applied for the atmospheric correction of satellite data. By analyzing 37 basic relations between relative uncertainties of L w and L T , and g-factors consistently determined for the 38 same satellite mission using different in situ data sources, this work suggests that the creation of ocean 39 color Climate Data Records (CDRs) should ideally rely on: i. one main long-term in situ calibration 40 system (site and radiometry) established and sustained with the objective to maximize accuracy and 41 precision over time of g-factors and thus minimize possible biases among satellite data products from 42 different missions; and additionally ii. unique (i.e., standardized) atmospheric model and algorithms for 43 atmospheric correction to maximize cross-mission consistency of data products at locations different 44 from that supporting SVC. Finally, accounting for results from the study and elements already provided 45 in literature, requirements and recommendations for SVC sites and field radiometric measurements are 46
Introduction 50
In recent decades, measurements of ocean color from earth-orbiting satellite sensors have 51 demonstrated high value for a number of applications ranging from regional water quality assessment 52 (e.g., Attila et al. 2013 ) to global climate change investigations (e.g., Behrenfeld et al. 2006 ). Confidence 53 in results from these applications, however, depends on accuracy of the satellite-derived data products. 54
The primary ocean color product is the spectral water-leaving radiance L w , i.e., the radiance emerging 55
This may lead to very large uncertainties in satellite-derived L w (see §2.1). Consequently, unlike SVC 102 that minimizes uncertainties in retrieved L w (Gordon 1998) , generic vicarious calibration methods are 103 best applied for the quality check of pre-launch absolute radiometric calibrations of satellite ocean color 104
sensors. 105
In view of supporting the discussion on accuracy and precision needs for g-factors from SVC, the 106 following subsections will review: i. requirements for the construction of CDRs from satellite-derived 107 L w ; and ii. legacy requirements for in situ L w reference measurements. 108 109
Requirements for CDRs of L w 110
CDRs of Essential Climate Variables (ECVs) are intended to support climate change investigations 111 through time-series of core benchmark observations with enough accuracy to allow the detection of long-112 term trends embedded in large natural variations (Leroy et al. 2008) . 113
Requirements for the generation of a CDR of satellite-derived L WN from L w (WMO 2011), which is the 114 fundamental satellite ocean color ECV, include: 115
1.
Radiometric uncertainty lower than 5% in the blue and green spectral regions (downscaled with 116 respect to the spectrally independent 5% uncertainty target listed among the objectives of several ocean 117 color missions); 118
2.
Stability better than 0.5% over a decade. which may tentatively refer to blue, green and red wavelengths in oligotrophic waters, show the 158 impossibility of meeting science requirements when only relying on current absolute radiometric 159 calibration uncertainties, even assuming an exact quantification of the atmospheric perturbations. 160
Conversely, the application of Eq. 3 assuming t d =1 and a spectrally independent uncertainty of 5% for 161 L w , implies values of u(L T )/L T as low as 0.5%, 0.25% and 0.05% for L w /L T equal to 0.10, 0.05 and 0.01, 162 respectively. These values provide an estimate for the required spectral uncertainties of absolute 163 radiometric calibrations for satellite ocean color sensors and further confirm that: i. even assuming that 164 the uncertainties in u(L w )/L w due to atmospheric correction are negligible, the sole uncertainties currently 165 affecting in-flight absolute radiometric calibration are an impediment to meet ocean color science 166 requirements for CDRs; and that ii. SVC is the only viable alternative to overcome limitations due to 167 uncertainties in absolute radiometric calibration and atmospheric correction. It is additionally observed 168 that, even accounting for future developments in absolute radiometric calibration, that are expected to which maximizes the potential number of satellite and in situ coincident data (i.e., matchups) and 178 additionally optimizes the performance of the atmospheric correction process; 179
ii. Horizontally uniform L w over spatial scales of a few kilometers to increase the comparability 180 between satellite and in situ data at different spatial resolutions; 181
iii. Mesotrophic waters to minimize the effects of in situ L w measurement uncertainties in the blue 182 spectral region (this requirement has been considered less stringent with respect to the previous two, 183 leding to consider oligotrophic waters as an appropriate alternative); 184 iv. Coincident aerosol measurements to assess the atmospheric correction process. 185
In situ L w data applicable for SVC are expected to have low uncertainty through the application of 186 state-of-the-art instrumentation, data reduction and quality assurance/control. Indications, mostly derived 187 Also, in the case of global data products contributing to the construction of CDRs, SVC should be 195 applied using in situ L w from measurement sites representative of the most common satellite observation 196 conditions, i.e., the world oceans. The determination of regional g-factors has also been proposed for 197 areas exhibiting unique optical features ). It is, however, recognized that this solution is 198 mostly intended to support local applications where accurate in situ L w data exist. 199
Ultimately, the limited number of highly accurate in situ data and their high costs challenge SVC at 200
large. This has generated debates on the suitability of a number of data sources for SVC and also 201 motivation for various studies to explore legacy requirements. These studies have produced a number of 202 g-factors for the same satellite sensor relying on equivalent versions of the atmospheric correction code, 203 but using L w from different sources. As will be shown later, results offer the great opportunity to 204 investigate differences among actual g-factors in view of discussing implications for the creation of 205 number of alternative data sources were considered for SVC of SeaWiFS data (see Table 1 ). These 220 included in situ data sets obtained by combining measurements from a variety of instruments and 221 reduction schemes (Bailey et al. 2008) , data from specific coastal areas commonly applied for regional 222 investigations (Mélin and Zibordi 2010), as well as modeled data ). Derived g-223 factors, consistently determined by applying the scheme detailed in Franz et al. (2007) 
and the SeaWiFS 224
Data Analysis System (SeaDAS, Fu et al. 1998 ) software package (version 5), are summarized in Table  225 2. 226
In agreement with Franz et al. (2007) and with specific reference to SeaWiFS center-wavelengths, g-227 factors are assumed fixed and equal to unity at 865 nm, while the value at 765 nm is computed by 228 imposing a pure maritime aerosol model for locations in the oligotrophic gyres of the southern 229
hemisphere. Spectral g-factors in the visible, which are those listed in Table 2 , are successively 230 determined from the average of individual factors computed imposing in situ reference water-leaving 231 radiances as target values for the satellite-derived L w . It is important to note that the averaging reduces 232 the effects of random contributions to uncertainties in g-factors, but it does not remove the effects of any 233
bias. 234
Recalling that unity g-factors indicate no correction, the values in Table 2 exhibit high consistency 235 with differences generally within a few tenths of percent. The standard deviation,  g , gives an indication 236 of the precision affecting the SVC process as mostly resulting from in situ radiometer stability or varying 237 observation conditions. It is noted that the number of matchups used for SVC in all cases is larger than 238 the approximate 40 estimated by Franz et al. (2007) to determine sufficiently precise g-factors for 239
SeaWiFS using MOBY data. However, it is expected that such a number, implicitly referred to 240
SeaWiFS-MOBY matchups, may change when considering observation conditions different from those 241 offered by the MOBY site or satellite sensor performances different from those of SeaWiFS. 242
General elements on the various data sources utilized for the determination of the g-factors listed in 243 
253

MOBY and MOBY-MS 254
Since 1997, MOBY has been deployed approximately 11 nautical miles from Lanai (Hawaii) in 1200 255 m water depth (Clark et al. 1997 , Clark et al. 2002 . The site was selected based on requirements for an 256 ideal SVC location and accounting for the need to ensure economical and convenient access to shore 257
facilities. 258
The main components of the MOBY system are: i. a spar buoy tethered to a moored buoy; and ii. a 259 hyper-spectral radiometer operating in the 340-955 nm spectral region with 1 nm resolution, coupled via 260 fiber optics to a number of radiance and irradiance collectors. These collectors ensure measurements of 261 in-water downward irradiance and upwelling radiance at 1, 5 and 9 m depth. Above-water downward 262 irradiance is additionally measured at 2.5 m above the sea surface. The MOBY radiometer system 263 water upwelling radiance and downward irradiance, and the above-water downward irradiance. Data 296 from these instruments, which are not part of this study, will be relevant for vicarious calibration 297 activities of future missions. ). However, only 5 matchups were available for 309 the 412 nm center-wavelength due to unavailability of the spectral band during some deployments. 310 311
NOMAD 312
The NASA bio-Optical Algorithm Data set (NOMAD, Werdell and Bailey 2005) includes multi-site 313 and multi-source data resulting from the reprocessing and strict quality control of radiometric 314 measurements from the SeaWiFS Bio-Optical Archive and Storage System (SeaBASS). The variety of 315 measurement methods, instruments, calibration and also data reduction schemes, make it difficult to
The SeaWiFS g-factors determined from NOMAD (Bailey et al. 2008 ) were computed using 64 318 matchups fulfilling SVC selection criteria -out of a total of 1039. These field radiometry data result from 319 overall 3475 quality controlled measurements out of 15400 from 1350 field campaigns included in 320
SeaBASS. These numbers clearly indicate the difficulty of supporting SVC with in situ L w data from 321 repositories constructed for applications more focused on validation and development rather than 322 vicarious calibration. AERONET-OC data from the AAOT were used by Mélin and Zibordi (2010) for the determination of 339 regional SeaWiFS g-factors. Specifically, 99 qualified matchups were identified from a 5-year data set 340 by relaxing some selection criteria (e.g., accepting Chla up to 3 g l -1 and coefficient of variation up to 341 0.20 in the blue-green spectral region for satellite data). A particular effort was devoted to correct in situResults from the study give insight on the relevance of coastal vicarious calibration sites for regional 344 investigations and additionally provide elements to evaluate their suitability for global applications. Still, 345 the spatial and inter-annual variability of both atmospheric and water optical properties in the region do 346 not support the selection of the AAOT as a SVC site for the creation of CDRs. 347 348
HOT-ORM and BATS-ORM 349
Ocean Reflectance Models (ORM) are an additional source of radiance spectra (Morel and 
Analysis and discussion 363
It shall be noted that the g-factors in Table 2 were determined with an earlier version of the SeaDAS 364 processor (i.e., version 5) based on an atmospheric model and pre-launch absolute calibration factors 365 (specifically at 412 nm) different from those currently in use. Because of this, the g-factors in Table 2  366 need to be considered outdated for present SeaWiFS data processing. Still, they are the result of a unique 367 combination of investigations and remain a convenient data set to explore effects of differences amongdifferences between g-factors determined from MOBY data, g MOBY , and those from other data sources, g, 370 computed as 371
The choice of the g-factors from MOBY as the reference is justified by its ideal location (exhibiting 373 oligotrophic waters and maritime aerosol, in addition to annual cycles of small amplitude) and an 374 extensive characterization of field radiometers and careful examination of radiometric uncertainties. This 375 choice, however, has not to be interpreted as implicitly advocating the use of MOBY for SVC of any 376 satellite ocean color mission. 377 Table 3 . Relative percent differences g between SeaWiFS g-factors determined using Eq. 4 applied to 386 data in Table 2 . The values in bold indicate g exceeding 0.3% in the blue-green spectral regions and
For completeness it is also mentioned that the HOT-ORM and BATS-ORM g-factors included in 378
The g values in Table 3 from the same data source (i.e., inter-band) or across data sources (i.e., intra-390 band) are generally lower than 0.5%. 391
At a first scrutiny, the values of g determined for the AAOT and HOT-ORM appear to slightly differ 392 from those determined for a more ideal site like BOUSSOLE or from a very large pool of data like 393 NOMAD. Also interesting are the values of g determined for MOBY-MS, which clearly indicate the 394 appreciable effects of non-matching spectral bands or SeaWiFS out-of-band responses, and consequently 395 the importance of in situ hyperspectral L w data. 396
Excluding HOT-ORM and BATS-ORM, the values of g exhibit high intra-band consistency between 397 412 and 490 nm, while they show a larger spread between 510 and 670 nm. Excluding a few spectral 398 values from HOT-ORM (i.e., 412 nm), BATS-ORM (i.e, 443 and 490 nm) and AAOT (i.e., 670 nm), g 399 is generally lower than 0.5% for all the data sources. 400
In view of more quantitatively investigating differences in g-factors, Eq. 3 is applied to compute 401 As already stated in §2.1, the following analysis assumes the uncertainties related to the atmospheric 411 correction process do not affect the determination of satellite-derived L w because of the use of the same 412 atmospheric models and algorithms for SVC and for atmospheric correction. Table 3 ), results displayed in Fig. 3 indicate that the 5% uncertainty requirement in satellite-446 derived L w generally cannot be met in the red for oligotrophic and mesotrophic waters, and is 447 challenging in the blue mostly at 412 nm for mesotrophic and coastal waters. Because of this, the 0.3% 448 value assigned to u(L T )/L T , could be considered a rough upper threshold for the uncertainties of g-factors 449
allowing to meet the 5% science requirement for u(L w )/L w in the blue-green spectral regions. The same 450 Fig. 3 
also indicate that the application to different missions of g-factors 451
determined with independent in situ data sources and exhibiting typical differences of 0.3% in the blue-452 green spectral regions with respect to the values obtained with an identical in situ data source, may 453 introduce mission dependent biases of several percent in multi-mission CDRs. These biases would 454 hinder stability requirements in satellite-derived products even when applying the same atmospheric 455 correction code to the processing of data from different missions. This result is confirmed by practical 456 assessments presented in Werdell et al (2007) showing that for deep waters g~0.3% may lead to biases 457 of 4% in L w at 555 nm. 458
In addition, the spectral differences affecting the values of g from the same data source or across data 459 sources (see Table 3 ), may lead to significant spectral inconsistencies in CDRs. These inconsistencies 460 (i.e., substantial inter-band spectral changes of g) would affect the capability of meeting the 1% inter-461 band uncertainty for L w included in some mission objectives and likely the 3% stability requirement forA statistical index that can be of interest to discuss stability requirements for the construction of CDRs 464 from different satellite missions, is the relative standard error of the mean (RSEM) of g-factors g 465 In view of supporting such a discussion on stability requirements through actual numbers, Fig. 4  481 displays RSEM values computed using the data in Table 2 . 482
The notably low values of RSEM determined with the MOBY and MOBY-MS data suggest high 483 measurement precision likely explained by very stable measurement conditions, systematic calibration 484 and characterization of field radiometers, robust quality assessment of field measurements and quality 485 control of data products. The higher RSEM values resulting from the other data sources are likely 486 explained by a number of factors including (but not restricted to): i. measurement conditions perturbed 487 by time-dependent changes in the marine and atmospheric optical properties or observation geometry; ii. 488 instability of the in situ measurement system when challenged by environmental perturbations during 489 deployments (e.g., bio-fouling) or by variable performance of radiometer systems operated during 490 successive deployments, or even by different measurement methods when considering a combined data 491 set; iii or a relatively small of number of matchups N y per decade. 492
The large RSEM values determined for BOUSSOLE, which refer to field radiometric measurements 493 performed during the early deployment phase of the buoy system, are due to large  g and a relatively 494 small number of matchups. Successive improvements in quality assurance and control of the radiometric 495 measurements have led to a great reduction of  g . This is shown by the BOUSSOLE-M RSEM values 496 also displayed in Fig. 4 , and computed applying recent  g of g-factors determined for the Medium 497
Resolution Imaging Spectrometer (MERIS). These updated values of  g , which refer to a 7-year 498 measurement period, vary between 0.006 and 0.012 with N ranging from 15 to 42. 499
Overall, the previous findings suggest that any element affecting reproducibility of measurements and 500 observation conditions with time, and thus challenging the precision of in situ reference measurements, 501
should be minimized to lessen perturbations affecting the random component of uncertainties for g-502 factors and thus the stability requirement for CDRs resulting from the combination of multi-mission 503 satellite-derived data. In addition, frequent swaps of radiometer systems exhibiting similar measurementwould average over the number of deployments occurring during each satellite mission. This is expected 506 to increase the probability of achieving equivalent precision for g-factors applicable to the processing of 507 satellite data from independent missions. 508
To conclude, the 0.5% stability requirement over a decade (WMO 2011) for MOBY in the blue-green spectral regions over a period of approximately 10 years, while they are 512 significantly lower than those determined from the other in situ data sources (see Fig. 4 ). This result 513 further indicates: i. the need for long-term highly consistent in situ data applicable to SVC in view of 514 minimizing any appreciable perturbation that may affect the determination of g-factors over time for 515 different or successive satellite missions; and ii. caution in using data from sole or multiple sources, 516 which may refer to measurement conditions difficult to reproduce for different missions. 517
Additionally, the application of mission-independent atmospheric models and algorithms for the 518 atmospheric correction process is critical. 519 520 521
Summary and Recommendations 522
SVC does not literally lead to the absolute radiometric calibration of the satellite sensor. Rather, 523 assuming equivalent observation conditions characterizing both SVC and atmospheric correction 524 processes, SVC forces the determination of satellite-derived L w with an uncertainty comparable to that of 525 the in situ reference L w applied for the indirect calibration process. This is achieved through vicarious 526 adjustment gain-factors (i.e., g-factors), which are applied to the top of atmosphere radiances L T after full 527 instrument calibration (e.g., following pre-launch absolute calibration and characterization, and 528 additionally, corrections for temporal changes in radiometric sensitivity as determined through theThe investigation presented in this work highlights that the relative uncertainty that may affect g-531 factors, to a first approximation depends on the term t d ·L w /L T and on the uncertainties affecting in situ L w 532 data. This finding and differences among g-factors determined for the SeaWiFS spectral bands using 533 various data sources, but relying on the same atmospheric models and atmospheric correction 534 algorithms, provide suggestions on the suitability of in situ L w data sources for SVC devoted to support 535 the construction of CDRs. Specifically, when considering the blue and green center-wavelengths 536 commonly applied for the determination of Chla, satellite-derived L w resulting from the application of g-537 factors differing by as little as 0.3% can result in spectral biases close to 5%. These biases are several 538 times higher than the 0.5% target stability value per decade indicated for satellite ocean color data 539 products expected to contribute to CDRs. Thus, in view of avoiding inconsistencies in long-term data 540 records resulting from the combination of satellite products from multiple missions, a careful evaluation 541 of sites and in situ measurements supporting SVC is needed. In particular, the determination of g-factors 542
by combining match-ups from multiple sites, which is often a viable solution to shorten the otherwise 543 long time needed to accumulate a relatively large number of matchups satisfying early mission needs or 544 mission-specific objectives, has to be regarded as a potential source of artifacts for CDRs. In fact, even 545 assuming equivalent uncertainties for in situ data from different sources and a single atmospheric 546 correction code, differences in g-factors may result from a diverse performance of the atmospheric 547 correction process at different sites due to differences in satellite observing geometries or marine and 548 atmospheric optical properties. Further, differences in the performance of various in situ radiometer 549 systems may also affect the accuracy and precision of g-factors through those of the in situ L w data and 550 thus also affect the stability requirements of CDRs. 551
In view of defining strategies for the upcoming satellite ocean color missions, the previous findings 552 and considerations suggest that the creation of ocean color CDRs should ideally rely on: i. one main 553 long-term in situ calibration system (site and radiometry) established and sustained with the objective to 554 maximize accuracy and precision over time of g-factors and thus minimize possible biases amongalgorithms for atmospheric corrections to maximize cross-mission consistency of data products at 557 locations different from that supporting SVC. 558
Accounting for results from this study and any element already provided in literature, it is expected 559 that an ideal ocean color SVC site should meet the following general requirements: 560 1. Located in a region chosen to maximize the number of high-quality matchups by trading off factors 561 such as best viewing geometry, sun-glint avoidance, low cloudiness, and additionally set away from 562 any continental contamination and at a distance from the mainland to safely exclude any adjacency 563 effect in satellite data; 564 2. Exhibiting known or accurately modeled optical properties coinciding with maritime atmosphere and 565 oligotrophic/mesotrophic waters, to represent the majority of world oceans and minimize relative 566 uncertainties in computed g-factors; 567 3. Characterized by high spatial homogeneity and small environmental variability, of both atmosphere 568 and ocean, to increase precision of computed g-factors. 569
Any field radiometer system supporting SVC should rely on advanced in situ measurement 570 technologies, data reduction methods and quality assurance/control schemes to minimize relative 571 standard uncertainties in in situ L w to within state-of-the-art values. In particular, uncertainty target 572 values should be 3-4% in the blue-green spectral regions and, even though not relevant for GCOS, 573 tentatively below 5% in the red, with inter-band uncertainties lower than 1% . In particular, accounting 574 for findings from this study and from literature and without advocating the adoption of any existing SVC 575 radiometry system, the fulfillment of the following wide-range requirements for in situ radiometric 576 measurements should be considered of utmost importance: 577 i. Hyperspectral field data with sub-nanometer resolution to allow system vicarious calibration of any 578 satellite ocean color sensor regardless of its center-wavelengths and spectral responses, and thusii. State-of-the-art absolute calibration traceable to National Metrology Institutes (i.e., tentatively with 581 target standard calibration uncertainty lower than 2% for radiance and stability better than 0.5% per 582 deployment) and comprehensive characterizations of radiometers in terms of linearity, temperature 583 dependence, polarization sensitivity and stray light effects, in view of minimizing measurement 584 uncertainties and allowing for accurate determinations of uncertainty budgets; 585
iii. Application of quality assurance/control schemes minimizing effects of measurement perturbations 586 like those (when applicable) due to infrastructure shading, radiometer self-shading, wave 587 perturbations, bio-fouling, and additionally scheduling regular checks of in situ systems and frequent 588 swap of radiometers, as best practice to maximize long-term accuracy and precision of in situ 589 reference radiometric data; 590 iv. Data rate ensuring generation of matchups for any satellite ocean color mission with time differences 591 appropriate to minimize variations in bi-directional effects due to changes in sun zenith and daily 592 fluctuations in the vertical distribution of phytoplankton. 593
In addition to requirements for establishing an ideal SVC site and generating in situ radiometric data 594 with the needed accuracy and precision, the supplementary capability of continuously characterizing 595 both the atmospheric (e.g.,  a ) and water (e.g., inherent) optical properties would provide additional 596 important elements for the quality assurance of matchups applicable to determine g-factors. 597
It is reminded that strategies for the construction of CDRs also suggest establishing and maintaining 598 secondary in situ long-term systems with performance equivalent to the main one in terms of data 599 accuracy, precision and measurement conditions. This recommendation is enforced by the fundamental 600 need to allow for redundancy ensuring fault-tolerance to SVC and additionally to provide optimal means 601 for continuous verification and validation of satellite primary data products including the capability to 602 accurately investigate systematic effects induced by different observation conditions (i.e., viewing and 603 illumination geometry, atmosphere and water types). 604
It is finally mentioned that the need to standardize the atmospheric correction process for multi-605 mission data contributing to CDRs is a requirement as relevant as the availability of in situ data from oneideal SVC site. This operational need, however, should not be seen as an impediment to further advance 607 atmospheric models and atmospheric correction algorithms. 608 609 610
Acknowledgments 611
The authors would like to express appreciation to the International Ocean Color Coordination Group 612 (IOCCG) for promoting a number of initiatives stimulating discussions on satellite ocean color system 613 vicarious calibration which encouraged this study. 
